Two complementary approaches were used to study the liquid-vacuum interface of the liquid-crystalline ionic liquid 1-dodecyl-3-methlyimidazolium tetrafluoroborate ([C12mim][BF4]) in the smectic A (SmA) and isotropic phases. O-atoms with two distinct incident translational energies were scattered from the surface of [C12mim][BF4]. Angle-dependent time-of-flight distributions and OH yields, respectively, were recorded from high and low-energy O atoms. There were no significant changes in the measurements using either approach, nor the properties derived from them, accompanying the transition from the SmA to the isotropic phase. This indicates that the surface structure of [C12mim][BF4] remains essentially unchanged across the phase boundary, implying that the bulk order and surface structure are not strongly correlated for this material.
Introduction
Liquid-crystalline materials represent a state of matter between the solid and liquid where there is long-range molecular positional and/or orientational order. In the presence of a solid or gas interface, the liquid crystal surface structure is perturbed and the surface orientational and positional order can differ from that in the bulk. While this effect is well understood in neutral liquid crystals, 1 it is not, however, yet understood in ionic liquids (ILs). ILs are composed solely of ions and can also have liquid-crystalline states. The physical properties of ILs are widely tunable by varying the cation or anion, making them of interest for many different surface 2 and bulk applications. 3 Room-temperature ILs and ionic liquid crystals (ILCs) typically consist of an inorganic anion and a bulky (or anisotropic for ILCs), organic cation. The flexibility, size, and shape of the cation reduces the magnitude of the lattice enthalpy and increases the lattice entropy of the IL (compared to a salt such as NaCl), thus favoring the liquid state and lowering the melting point (<100 °C) such that many ILs are often liquid at room temperature. 4, 5 In neutral, organic liquid crystals, the mesophase is promoted by structural anisotropy expressed typically by an extended molecular core of two or three six-membered rings (usually aromatic or heteroaromatic) with, normally, two terminal alkyl chains, leading to anisotropic dispersion forces that are able to stabilize the anisotropic fluid. ILCs differ slightly in that the presence of the charge means that intermolecular associations are driven to a large degree by electrostatic forces, with anisotropy being provided by extended alkyl chains. To preserve the overall anisotropy needed for a liquid crystal phase to exist, smaller anions and larger cations are favored. Thus, for example, 1-alkyl-3-methylimidazolium ([Cnmim][X], where n is the number of carbon atoms in the alkyl chain and X is the anion) salts show liquid crystallinity for chains containing twelve and fourteen carbon atoms for smaller anions such as tetrafluoroborate (BF4 -) and hexafluorophosphate (PF6 -), respectively, whereas with the larger bis(trifluoromethylsulfonyl)imide (Tf2N -) anion, the liquid crystalline phase only occurs for very long alkyl chains (n=22). 6, 7 There have been extensive studies of the surfaces of conventional or non-ionic LCs, driven by industrial LC applications, 8, 9 and it is well known that surface-induced smectic order at the free surface (i.e. gas-liquid or vacuum-liquid interface) of liquid-crystalline materials can occur above the transition temperature. 1 This induced smectic order is homeotropic, where the long molecular axis is, on average, oriented parallel to the surface normal. Termed pre-transitional layering, the number of smectic layers, and their correlation depend strongly on temperature and can occur in the nematic 10, 11 (N) and isotropic (Iso) phases. 12, 13 As the bulk temperature is lowered and a smectic A (SmA) phase is approached, the number of smectic layers at the surface increases, penetrating further into the bulk. Eventually, at the bulk SmA transition temperature, the number of layers diverges and the bulk material adopts the long-range order of the SmA phase.
The surface behavior of ionic liquids is less well understood because of the complex interplay between the Coulombic, van der Waals, and dipolar forces. This is evident in the bulk isotropic phase for ionic liquids both with and without mesophases. Studies have shown that three different types of ordering can occur in the bulk, namely short-distance cation-anion; nearest neighbor cation-cation or anion-anion interactions; and longer-distance alkyl chain aggregations (local lamellar periodicity). 14, 15, 16, 17 A result of these interactions is that at the ionic liquid surface, for materials which show no liquid-crystalline behavior, experiment 18, 19, 20 and simulation 21, 22, 23 have shown a surface-induced layering, whereby the polar head group is oriented toward the bulk and the alkyl chains protrude from the surface. Underneath this alkylrich layer, a polar region exists where the charged head groups and anions predominate. The thickness and roughness of the layers present at the free surface depend strongly on the ionic liquid and its environment. Additionally, the number of layers is not sharply defined: periodic density oscillations of the different constituents occur, which are generally damped and tend toward the bulk average as a function of distance from the surface. Understanding the freesurface structure of ionic and non-ionic liquid crystals offers the opportunity of optimizing the free surface for specific applications. 24 Also, specific to liquid-crystalline ILs, the enhanced spatial and orientational order of a mesophase can help in the orientation and immobilization of a catalyst in thin ionic liquid films on porous substrates. 25 Therefore, for surface-specific applications of ionic liquids, it is important to understand how the surface structure may be influenced by changes in the bulk order.
Although the correlation between bulk and surface order has been well characterized in neutral LCs, there have been relatively few studies that compare the free surface of an ILC between
mesophases. An X-ray reflectometry study 26 indicating no significant change in surface structure between the solid and liquid phases.
Although it is obvious that the liquid-crystalline phase of an ionic liquid affects the bulk properties, the extent to which the bulk order can affect the free surface is currently unknown. The surface behavior of 8CB has been well-studied experimentally 11, 29, 30 and has been investigated more recently using atomistic simulations with validated force fields. 31 The picture obtained from these different approaches is remarkably consistent, providing a good understanding of free-surface behavior.
The experimental techniques used to probe the ionic liquid surface can be broadly separated into methods that are sensitive to density and orientational order in the layers induced by the surface (e.g., X-ray 18, 26, 32 and neutron reflectometry, 19 ellipsometry 33, 34 ) and methods that can probe the chemical composition or molecular orientation of the extreme outer layer (e.g., lowenergy ion scattering, 35, 36, 37 , X-ray photoelectron spectroscopy, 38, 39, 40, 41 sum frequency generation, 42, 43 and inelastic atomic 27, 44 and molecular 22, 45 scattering). Reactive-atom scattering provides information on the surface composition and on the scattering dynamics of the products formed. Building upon previous work on inelastic atom scattering from solids 46 
Experimental Methods

Materials
The molecular structures of the materials used in this study are shown in Figure 1 . 56 while the vapor pressure of 8CB is <10 -5 mbar 57 at room temperature, which made both materials suitable for study in vacuum. 
RAS-LIF
A schematic diagram of the key components of the RAS-LIF apparatus is shown in Figure 2a .
A brief experimental description is given here and more information is presented in the SI. The experiments were conducted inside a vacuum chamber that contained a rotatable carousel. This allowed multiple liquids to be studied in succession without breaking the vacuum. The carousel consisted of four 5 cm diameter wheels, each partially immersed in a stainless steel bath containing 4-5 mL of liquid. The wheels rotated at 30 rpm, which dragged a film of liquid onto the wheel to provide a refreshed liquid surface; a standard technique for creating liquid surfaces in vacuum. 58 The RAS-LIF experiment was operated in two modes: either the LIF signal from nascent OH molecules was recorded as a function of delay between the photolysis and probe pulses, termed an appearance profile, or the delay was fixed and the probe wavelength was varied to record rotationally resolved OH LIF excitation spectra. To measure appearance profiles at a particular liquid temperature, the laser wavelength was fixed on the most intense line (Q1(1)) and the carousel was rotated such that the liquid bath of interest was in the active position, with its liquid covered wheel surface presented to the probe and photolysis beams. After recording the OH fluorescence at each delay between the photolysis and probe lasers, the bath containing the reference liquid was then rotated into the active position and the measurement repeated. The nascent OH LIF signal from the liquid of interest was normalized to that from the reference liquid. This process removed systematic variations in the experiment. It is noted that the Q1 (1) line has an overlapping R2(3) line originating from the upper spin orbit state, which contributes slightly to the OH LIF signal. This overlapping line could not be resolved by the probe laser.
In this study, only two adjacent baths were used: one contained the reference liquid 
RAS-MS
The RAS-MS experiments were conducted using a crossed-beams apparatus modified for surface scattering and a hyperthermal oxygen beam which have both been described in detail elsewhere. 50, 51, 62 Additional information pertinent to this study is given in the SI. In brief, the oxygen beam consisted of ground-state atomic oxygen, O( 3 P), 63 and molecular oxygen, O2
( 3 ∑ − ), 54 and had an average mole fraction of oxygen atoms of 86% with the balance being molecular oxygen. The beam was velocity-selected using a chopper wheel and had an average incident energy of 532 kJ mol -1 (FWHM 93 kJ mol -1 ). It was directed onto the liquid surface at a fixed angle of incidence, θi = 60º, with respect to the liquid surface normal. The scattered products were detected by a mass spectrometer which rotated in a plane perpendicular to the liquid surface, to define a final angle, θf. Figure 2b shows the liquid reservoir with the angle of ≤ f ≤ 75°, which was limited by the geometry of the liquid reservoir and the scattering chamber. HONO was formed in the chamber due to the reaction between the NO2 precursor gas and residual water. The procedure for this correction is described in a previous publication. 51 LIF is a density detector, which means there is a bias in the experiment towards slower moving OH radicals, which increase the OH density in the probe volume, leading to an increased fluorescence signal. As performed in previous studies, 51 Therefore, no stringent tests were performed to test if the spectra were saturated. As there was no discernible population difference in the N = 1 level between liquid temperatures, a universal assumption in the subsequent analysis is that changes in signal recorded on the Q1 (1) respectively, 8CB will be in its SmA phase at 20 °C because 8CB supercools readily and, while formally in a metastable state, it is rather resistant to crystallization. Indeed, the temperature of 20.0 °C was achieved by cooling from room temperature where 8CB is in its SmA phase (assuming that room temperature is > 21.5 °C, which is reasonable). Typically between three and seven appearance profiles were recorded at each temperature. It was found that some fluorescence was excited directly from the 8CB samples by the probe beam. This created an artificial background in the signal gate that was independent of the delay between the photolysis and probe pulses, increasing the level of noise in the 8CB appearance profiles compared to those from [C12mim][BF4]. This meant that making a delay-dependent correction for inelastically scattered OH due to the presence of background HONO, as described above, was not feasible. 51 However, it was still possible to estimate the average contribution to each profile (see SI). A ~1% contribution was estimated to be present in the 8CB and squalane appearance profiles.
Results
RAS-LIF [C12mim][BF4]
Since in general the errors are larger than this, any effect can be ignored. Regardless of these minor effects, Figure 4a shows clearly that there are much higher OH signals for the 35 Excitation spectra were recorded for 8CB at the peak of the appearance profile (15 µs) on the R1(N) branch at 20.0 °C, 26.5 °C, 37.0 °C, and 42.5 °C. Typically ten scans were recorded for each temperature. For levels up to N = 6, no significant differences were found in the relative rotational populations between the liquid temperatures ( Figure S4 ). Table 1 shows the fractional populations of the N = 1 level and its associated 95% CL. Figure 4b shows the reactivities for 8CB across the full temperature range; these reactivities were calculated by integrating the 8CB appearance profiles between 9 s and 30 s. They were then normalized to the squalane reactivity averaged over all temperatures. Consistent with Figure   4a , a clear jump in the reactivity occurs at the SmA-to-N transition temperature. On either side of this transition temperature, the reactivity is relatively constant. Therefore, the average increase in reactivity can be found by averaging the reactivities above and below the SmA-N transition temperature. The calculated increase in reactivity was 58±2% with the error being 95% CL. , consistent with previous studies. 50, 54, 55, 68 Of particular note is that there is virtually no difference in the angular distributions for each temperature studied. The angular distribution for H2O, which is much broader compared to O and OH, has a maximum closer to the surface normal and is indicative of a process involving a higher proportion of secondary collisions. This is expected since the formation of H2O requires a complex gas-surface interaction and is therefore more likely to scatter in a non-specular way. The dynamics of water formation from [C12mim][BF4] are discussed briefly in a previous publication. 68 Again, regarding the H2O product, it is noted that changing the liquid temperature has no distinguishable effect. Figure 5d shows the normalized TD fluxes for OH at 33 °C, 40 atoms in the alkyl chain also take part in the collision, increasing energy transfer through vibrational excitation. 55 This is also true for O atoms that scatter impulsively from alkyl chains, but less so from the stiffer anions or possibly cation head group, resulting in a lower average energy transfer to the surface. IS H2O results in significantly more energy transferred to the surface, as at least two collisions must be involved, leading to multiple pathways for the formation of IS H2O (the discussion of which is beyond the scope of this paper). The main feature of interest here is that the temperatures of 33 °C, 40 °C, and 60 °C have no effect on the surface energy transfer, implying once again that the environment experienced by the projectile in both impulsive O-atom and reactive collisions is independent of the bulk order.
RAS-MS [C12mim][BF4]
Discussion
Relation between bulk and surface structure of [C12mim][BF4]
The data from both RAS-LIF and RAS-MS experiments showed comprehensively that there was no significant change in the surface structure of [C12mim][BF4] in passing from the SmA phase to the isotropic liquid. The RAS-LIF experiments revealed a weak, linear temperature dependence in the OH reactivity, which was continuous across the phase boundary. Additionally, no change in the OH rotational distribution was found within the resolution of the experiment.
The RAS-MS data showed, via the angular and energy-transfer distributions, that between the SmA and isotropic phases the surface remained unaltered. Angular distributions are particularly sensitive to surface ordering and roughness 68, 69 and the absence of any change in these distributions is strong evidence of an unchanging surface. The surface energy transfer is sensitive to the local environment that the incident O-atoms strike and yields information about surface "softness" or "stiffness". Again, no change was found between the SmA and isotropic phases.
Other metrics from the RAS-MS experiment confirmed this effect ( Figures S6 and S7 ). It is not too naïve to expect that the surface structure would change for ILCs between phases given that for LCs, well into the isotropic phase, the surface can have a random structure determined by capillary waves, which then becomes smectic in character as a SmA transition is approached. 12 Therefore, it might at first sight be surprising that no apparent SmA-Iso transition is observed at the surface in this study. However, considering for a moment, only the isotropic phase of ILs, there is a general consensus 21, 22, 38 about how the vacuum interface is ordered:
namely that it consists of an alkyl-rich outer layer and an underlying sub-surface layer that is rich in head groups and anions. This layering generally has the form of a damped density oscillation, tending toward the bulk value as the distance into the bulk and away from the surface is increased. For the specific case of the [C12mim][BF4] liquid-vacuum-interface, molecular dynamics (MD) simulations were used to examine the surface structure in the isotropic phase;
simulations of the more complex liquid crystal phase were not attempted. Details of the simulation are stated in the SI and in a previous publication. 51 The results from the simulations are shown in Figure 7 , where an MD snapshot provides a qualitative picture of the surface structure, and in Figure 8 , where atom density profiles along the liquid slab surface normal provide a quantitative description. allow these different structures to coexist. Presumably, some gradual decay or discrete termination of the sub-surface layers occurs as observed in conventional liquid crystals. 11, 12 The penetration depth of the O-atom experiments in this study is such that only the outermost molecules are expected to be probed 70 and such sub-surface layering is unlikely to be detected.
Other surface-specific methods would be better suited to exploring this sub-surface layering. 41 In summary, it seems that there is little if any correlation between the bulk and surface order for , which has a less alkyl-rich surface, it is possible that the alkyl chains are already spread out across the surface and that increasing the temperature results in a less significant change in surface structure.
An alternative proposal is that structural re-arrangement of the [C12mim][BF4] surface may reduce the probability of the secondary reaction to form H2O, which would effectively increase the reactivity. If this is true, there should have been a corresponding increase in the yield of H2O as the temperature was increased. RAS-LIF is not sensitive to H2O, but results from RAS-MS ( Figure S6 ) show effectively no change in the O/H2O product ratio with increasing temperature, contrary to the prediction. However, since the two experiments operate with very different collision energies, this comparison might not be definitive. Finally, as Figure 3b shows a linear relation with temperature and not an exponential increase, a thermal contribution to surmounting the activation barrier for H abstraction can be discounted reliably.
8CB: Effect of bulk order on surface structure
The comparative experiments on the well-known liquid crystal, 8CB, using the RAS-LIF method, were carried out primarily to help understand the results from [C12mim][BF4].
Unexpectedly, the 8CB data showed a very clear step change in the OH reactivity in moving from the SmA to the N phase, but no change between the N and Iso phases. One observation of note is that for the bulk material, the transition between the SmA and N phase is second order thermodynamically, yet the reactivities appear to show a first-order change. In reality, the temperature resolution of the experiment is probably insufficient to be able to describe the transition and so it is believed that the first-order appearance of the change may in fact simply represent points measured either side of the transition. Two questions arise from these data:
firstly, why is there is a single sharp change in the reactivity, and secondly, why does it occur at respectively, of 8CB. The temperatures can be termed "cold" and "hot" for convenience. For squalane, the cold and hot average temperature profiles overlap well, suggesting no significant change in the surface structure with temperature, as expected. 60 By comparison, Figure 9b shows the normalized appearance profiles for 8CB averaged over the same two temperature ranges. It can be seen that the cold profile differs systematically from the hot profile, particularly in the region beyond the peak. If the cold and hot profiles for 8CB are compared with the squalane profiles, the hot 8CB profile overlaps well with both squalane profiles. This leads to the conclusion that it is the cold 8CB profile that is anomalous by having a higher proportion of slower-moving OH. Figure 9c shows that for [C12mim][BF4], the two selected discrete profiles at 30.5 °C and 65.0 °C overlap well, despite the larger temperature difference. This is additional evidence that the surface of this liquid remains unchanged with temperature, again in contrast to 8CB.
The possibility was considered that the differences between the cold and hot profiles for 8CB result from a purely thermal effect on the speeds of a thermalized component of the products.
However, this can be discounted because, as Figure 9b shows, the effect on a simulated TD distribution 60 It is also not obvious that the results for 8CB are a straightforward effect of thermal roughening. It is generally understood that the IS/TD ratio decreases with temperature owing to the increased thermal fluctuations of the surface, which enhance trapping desorption type interactions. 47 This is the opposite of the apparent change in the balance of IS and TD components in the observed 8CB profiles, if the slower moving tail is associated with a TD component. Therefore, it seems likely that the increased density of slower moving OH in the cold normalized 8CB appearance profile is due to a specific change in surface structure that acts in the opposite sense to normal thermal roughening.
Simulations have shown that the air-liquid interface induces smectic layering in the nematic and isotropic phases for the related material 5CB (which does not have an underlying SmA phase). 71 If this is also true for 8CB, then changes in the bulk order must influence the surfaceinduced layering in some way that is present on both sides of the SmA-to-N phase transition.
This leads to the possible conclusion that the SmA surface may be rougher, or more corrugated, compared to the nematic and isotropic surfaces. This roughness could conceivably occur on length scales corresponding to multiple molecules clustered in domains, while on the molecular length scale, the antiparallel arrangement of the 8CB molecules at the surface is maintained. 30 Due to this roughness, the nascent OH would have more chance of sustaining multiple collisions, not only increasing the amount of slower-moving OH but also reducing the overall yield of OH from the SmA surface. This could either be directly because of lower accessibility of the reactive secondary CH2 units in the octyl chain, or indirectly through a lower escape probability of the nascent OH and a corresponding higher probability of forming the secondary product H2O
(unobserved in RAS-LIF). It may be conceptually reasonable that the more fluid nematic and isotropic phases allow a greater degree of relaxation of the surface-induced layers, reducing the overall degree of corrugation. This is an interesting, reasonable, but perhaps tentative, hypothesis that clearly remains to be verified, either through comparative measurements of OH yields from a wider range of liquid crystals or using independent, complementary techniques sensitive to surface structure.
Conclusion
The surfaces of [C12mim][BF4] in the SmA and Iso phases were studied using reactive atom scattering. A weak linear temperature dependence in OH reactivity was revealed by RAS-LIF; however, this dependence was unperturbed at the transition from the SmA to the Iso phase. This effect was attributed to a thermally induced gradual re-ordering of the surface as opposed to any sharp change accompanying the change in bulk order.
A more detailed study of [C12mim][BF4] using RAS-MS revealed that there was no change in the angular distributions of the scattered species between the SmA and Iso phases, indicating that the surface roughness was essentially unchanged between phases. Similar results were found for the surface energy transfer and other metrics (product ratios and IS/TD ratio).
As the RAS-LIF and RAS-MS methods are only sensitive to the outermost molecules of the liquid surface, this leads to the conclusion that the outer-most layer of the [C12mim][BF4] surface is unchanged between the SmA and Iso phases, despite the large change in bulk order. This suggests strongly that the dominance of the outer surface by alkyl chains above an underlying layer rich in anions and cation head groups, well known for the isotropic phases of related ionic liquids, also persists in the SmA phase.
In comparative measurements, the surface of 8CB was studied using RAS-LIF. A significant and sharp increase in OH reactivity was found at the transition between the SmA and the N/Iso phases. It is suggested tentatively that this change in OH reactivity may be due to the bulk order of the SmA phase making the surface more corrugated, either hindering access to the reactive sites in the octyl chain or facilitating secondary loss of nascent OH to form water.
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